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(54) Diagnostic imaging 



(57) A radiation source which generates a radiation 
cone-beam (14) and a two-dimensional radiation detec- 
tor are spiralled continuously around and longitudinally 
relative to an imaging volume. Image data from the two- 
dimensional display is reconstructed (30^ 30 2 , ... 30 n ) 
into a volumetric, physiological image stored in a subject 
memory (32). During an interventional surgical proce- 
dure with a surgical instrument (42), the x-ray source 
may be gated to operate intermittently, e.g., at 60° an- 
gular intervals, at a reduced radiation intensity by an x- 
ray tube control (40). The additional data can be recon- 
structed into a three-dimensional image representation 



of the surgical instrument and stored in an instrument 
memory (34). An operator image selection processor 
(60) may be provided to cause data retrieval circuits 
(62a, 62b) to retrieve like slices or other image repre- 
sentations from the subject and instrument memories. 
The retrieved data may be combined (64) such that a 
resultant human-readable display (68) shows the instru- 
ment superimposed on the anatomical image. The sur- 
gical instrument volumetric image may be continuously 
updated such that the display represents a real time dis- 
play of the surgical instrument illustrating its advance- 
ment through the imaging region. 
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Description 

The present invention relates to diagnostic imaging. 
It finds particular application in conjunction with the 
presentation of real time, three-dimensional computed 
tomography imaging and will be described with particu- 
lar reference thereto. 

In some operating rooms, such as operating rooms 
for cardiac catheter procedures, a projection x-ray im- 
aging device is provided in association with the operat- 
ing table. More specifically, an x-ray tube or generator 
and an x-ray detector are mounted on a C-arm which is 
mounted such that the patient passes between the x- 
ray source and detector. The x-ray source and detector 
are rotatable and longitudinally displaceable as a unit to 
select a region and angle for projection imaging. Once 
the surgeon has positioned the x-ray source and detec- 
tor in the proper position, the surgeon actuates the x- 
ray tube to send x-rays through the patient to the x-ray 
detector for preselected exposure time. The x-rays re- 
ceived by the detector are converted into electronic, vid- 
eo image data of a projection or shadowgraph ic image. 
The projection or shadowgraphic image is displayed on 
a video monitor which is viewable by the physician. 

In the cardiac catheterisation procedures, some im- 
ages are preceded by releasing an x-ray opaque dye 
into the patient's blood. The resultant shadowgraphic 
image shows the blood vessels dark. Other images are 
generated of the catheter within the bloodvessels. More 
specifically, the surgeon advances the catheter into the 
patient, stops the procedure, and takes an x-ray picture. 
The x-rays are converted into the electronic projection 
image and displayed within a few seconds. The surgeon 
then determines from the projection image how much 
further to advance the catheter before again stopping 
the procedure and generating a new image. Multiple 
monitors are often provided so that the surgeon can 
view both the most recently generated projection image 
and earlier images. 

One of the drawbacks of these x-ray systems is that 
the resultant image is a projection or shadowgraphic im- 
age. That is, the entire imaged region of the patient is 
projected onto the x-ray detector and all of the imaged 
region is compressed into a single plane. If more de- 
tailed diagnostic images are required, such images are 
often taken with a CT scanner or a magnetic resonance 
imaging device located in another part of the facility. 
Thus, the 3D diagnostic images are commonly generat- 
ed sometime earlier before the surgical procedure 
starts. Because the patient would need to be transport- 
ed to the CT or MRI machine for further imaging, further 
images are not generally taken during surgery. 

It has been proposed to use a C-magnet magnetic 
resonance imaging apparatus within an operating room. 
The magnetic resonance imaging device would be used 
to generate a three-dimensional diagnostic image. 
Based on the diagnostic image, a surgical procedure 
would be commenced, such as a biopsy. From time to 



time during the biopsy procedure, additional 3D diag- 
nostic images could be generated to monitor the ad- 
vancement of the biopsy needle into the patient. More 
commonly, the movement of the biopsy needle would 

5 be monitored independent of the diagnostic image. The 
image of the needle would be superimposed on the di- 
agnostic image. As the needle moves, the superim- 
posed images would be altered electronically to display 
the needle in the proper position. Various trajectory 

10 planning packages have been proposed which would 
enable the operator to plan the biopsy procedure in ad- 
vance and electronically try various surgical paths 
through the 3D electronic data. 

One of the disadvantages of the magnetic reso- 

15 nance system is that the surgery is either performed at 
field, i.e., in a high magnetic field, or the patient is moved 
back and forth between an imaging position in the field 
and a surgery position displaced from the field. 

It has also been proposed to use a CT scanner rath- 

20 er than an MRI scanner to generate the diagnostic im- 
ages in the operating room. However, when a CT scan- 
ner is operated to take a diagnostic image, the patient 
receives a significant dose of radiation. If the diagnostic 
imaging procedure were repeated numerous times to 

25 monitor the progress of a biopsy or other surgical pro- 
cedure, the patient would be subject to a high cumula- 
tive radiation dose. Moreover, for surgeon and operator 
safety, the surgical procedure would be interrupted 
while the surgeon and other people present in the oper- 

30 ating room moved behind x-ray opaque shields. 

In accordance with one aspect of the present inven- 
tion, a CT scanner is provided. An x-ray source gener- 
ates a cone-beam of radiation through a portion of an 
imaging volume. A two-dimensional detector array dis- 
ss posed across the imaging volume from the x-ray source 
receives x-rays which have traversed the imaging vol- 
ume and converts those x-rays into digital data. A rotary 
drive rotates at least the x-ray source around the imag- 
ing volume and a linear drive moves the patient support 

40 and the x-ray source longitudinally relative to each other. 
In this manner, the cone-beam of radiation traverses a 
spiral around the imaging volume. A reconstruction 
processor reconstructs the data from the two-dimen- 
sional array into a volumetric image representation 

45 which is stored in a volumetric diagnostic image mem- 
ory. A memory access circuit accesses the diagnostic 
image memory to withdraw selected image data for dis- 
play on a human-readable monitor. 

In accordance with another aspect of the present 

50 invention, a method of diagnostic imaging is provided. 
A fan-beam of radiation is rotated and longitudinally dis- 
placed around an imaging region such that an apex of 
the cone-beam moves in a helical path relative to the 
imaging region. The cone-beam of radiation is detected 

55 and converted into a two-dimensional array of image da- 
ta. The image data is reconstructed into a volumetric im- 
age representation of a portion of the subject in the im- 
aging region. A portion of the volumetric image repre- 



2 



3 



EP0 860 144 A2 



4 



sentation is read out and converted into a hurnan-read- 
able display. The volumetric image representation is 
read out concurrently with the rotating, detecting and re- 
constructing steps such that the volumetric image rep- 
resentation is updated and read out in real time. 

One advantage of the present invention is that im- 
ages can be generated in real time. 

A CT scanner used for diagnostic imaging, in ac- 
cordance with the invention, will now be described, by 
way of example, with reference to the accompanying 
drawings, which is a diagrammatic illustration of an im- 
aging system in accordance with the present invention. 

A volume CT scanner assembly 10 includes an x- 
ray tube 12 which generates a cone beam 14 of radia- 
tion. After passing through an imaged region of a sub- 
ject, the cone beam of radiation strikes a two-dimension- 
al detector array 1 6. The two-dimensional detector array 
preferably includes a two-dimensional array of detector 
elements, each of which converts an intensity of re- 
ceived radiation into a corresponding data signal. The 
x-ray tube 12 and the radiation detector 1 6 are mounted 
to a common gantry 18. A motor 20 rotates the gantry, 
preferably continuously. A position encoder 22 provides 
a series of output positions indicative of the angular po- 
sition of the x-ray source and detector relative to the im- 
aged region during the rotation. 

A subject is positioned on a patient support or couch 
24. A drive motor 26 moves the patient support 24 and 
the gantry 18 longitudinally relative to each other. When 
the motor 26 moves the patient support, the patient sup- 
port is readily positioned for convenient access and 
egress by the patient. On the other hand, when the mo- 
tor 26 is mounted to move the gantry 18 relative to the 
patient support, the patient support remains stationary 
during scanning to simplify an interventional surgical 
procedure being performed on the patient. Preferably 
the motor 26 causes cyclic, back and forth longitudinal 
movement between the patient support and the gantry 
during imaging such that the cone-beam of radiation 
traverses a spiral or helix relative to the patient. When 
the cyclic longitudinal movement is short, the patient can 
be imaged concurrently with an on-going interventional 
procedure. In this manner, a longitudinally elongated im- 
aging region 28 is defined. 

An image reconstruction processor array 30 recon- 
structs the electronic data from the detector array 1 6 into 
a volume image representation which is stored in a vol- 
umetric subject image memory 32. In the preferred em- 
bodiment, the detector array 16 is a two-dimensional 
rectangular grid of detectors. The detectors in each line 
perpendicular to the axis of the patient effectively detect 
a single slice. Of course, during the rotational and lon- 
gitudinal motion, the slice moves along a helical path. A 
preprocessing circuit 34 performs filtering and other 
conventional preprocessing on the data from the detec- 
tor and sorts the detector by slice to individual recon- 
struction processors 30 1? 30 2 , 30 n of the reconstruc- 
tion processor array 30. Each of the processors stores 



the reconstructed image information in the same volume 
memory 32. It is to be appreciated that each reconstruc- 
tion processor reconstructs data from spiral regions 
which overlap the regions reconstructed by the other 
5 processors. Reconstructed data from the plurality of the 
processors is combined to produce each pixel of the re- 
sultant volume image. To facilitate multiple access to the 
same volume memory, the volume memory is preferably 
a high speed, multi-access video memory. Buffers for 
io temporarily storing data from each processor to prevent 
two processors from writing to the same memory cells 
simultaneously are contemplated. Suitable reconstruc- 
tion algorithms for reconstructing the data from the spiral 
CT scanner assembly into three-dimensional volume di- 
is agnostic images are illustrated in U.S. Patent Nos. 
5,396,418, 5,485,493, and 5,544,212 and U.S. Applica- 
tion Serial No. 08/497,296. Other divisions of the data 
among multiple reconstruction processors are also con- 
templated. 

For interventional surgery, additional three-dimen- 
sional diagnostic images are generated. More specifi- 
cally to the preferred embodiment, three-dimensional 
images of the surgical instrument are generated, which 
images are superimposed on the diagnostic image. Be- 
cause the interventional surgical instruments are gen- 
erally constructed of metal or other materials with rela- 
tively high x-ray stopping power, and because the instru- 
ments are relatively simple in shape and much less 
structurally complex than the human anatomy, a much 
lower resolution x-ray imaging technique can be utilised. 
More specifically to the preferred embodiment, an x-ray 
tube control 40 gates the x-ray tube 12 ON and OFF at 
selected intervals. In the preferred embodiment, the x- 
ray tube is gated ON and OFF about 12 times per sec- 
ond. When the gantry 18 is rotating at a half second per 
revolution, the x-ray tube is gated ON about every 60° 
around the subject. Moreover, the x-ray tube control 40 
runs the x-ray tube at a significantly lower power setting. 
The power setting is selected at the lowest possible 
power which still provides adequate resolution for re- 
constructing a three-dimensional image representation 
of the selected surgical tool. 

A surgical tool 42, such as a biopsy needle guide 
44 and biopsy needle 46 are mounted to the patient sup- 
port. Appropriate mechanical interconnections are pro- 
vided such that the guide can be positioned at any one 
of a large plurality of angular orientations and such that 
the entry point (typically one end of the guide) is freely 
selectable around the subject. A motion detector 48 is 
mounted in association with the biopsy needle to mon- 
itor when the needle is moving. A motion dependent x- 
ray tube gating control circuit 50 stops the x-ray tube 
control 40 from gating the x-ray tube ON when there has 
been no motion of the surgical tool for a selected dura- 
tion, e.g., a second. Moreover, the gating control 50 de- 
termines recent rates of movement of the surgical in- 
strument. When the instrument is being moved slowly, 
the gating control 50 causes the control circuit 40 to gate 
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the x-ray tube ON less often, e.g., blocks the x-ray tube 
from being gated ON at every other 60° position. 

Each time the x-ray tube is gated ON, the preproc- 
essing circuit 34 samples the x-ray detector array and 
provides the data to the array of reconstruction proces- 
sors. Optionally, a threshold filter 52 filters the data. 
More specifically, this reconstruction process is seeking 
to reconstruct an image of the surgical instrument alone, 
for superposition on the anatomical information. Recon- 
structing anatomical information is disadvantageous be- 
cause it would create superfluous information for super- 
imposition on the higher resolution previously generated 
anatomical diagnostic images. Accordingly, the thresh- 
old is set such that x-rays which do not pass through the 
surgical instrument have output values which are set to 
a zero or baseline data value. The array of reconstruc- 
tion processors 30 reconstruct a three-dimensional im- 
age representation of the surgical instrument, which im- 
age representation is updated each time the x-ray tube 
is gated ON, about every 1/1 2 second. The most recent- 
ly reconstructed instrument image representation is 
stored in a volumetric instrument image memory 54. 

As another option, the x-ray tube can be pulsed at 
60° or other intervals at full power to generate physio- 
logical diagnostic data for updating the physiological 
volume memory 32. Updating of the physiological data 
memory will find application, for example, in procedures 
to remove a blockage in the circulatory system or other 
interventional procedures which result in an x-ray meas- 
urable physiological change. 

A threshold circuit 56 removes any reconstructed 
physiological, artifacts, or other information not attribut- 
able to the instrument on the reconstructed image in the 
instrument memory. A trajectory circuit 58 calculates the 
trajectory of the surgical instrument. Returning again to 
the biopsy needle example, the position of the biopsy 
needle in the guide fixes its trajectory to a straight line. 
The trajectory circuit projects the straight line followed 
by the centre of the biopsy needle and creates a trajec- 
tory display, e.g., a dashed line or a line in a different 
colour extending from the front of the biopsy needle. 

A diagnostic image selection processor 60 is uti- 
lised by the operator to select the nature of the displayed 
image. For example, the operator may select a slice 
through the patient to be displayed, a slice parallel to 
the trajectory, a slice(s) orthogonal to the trajectory, a 
set of coordinated slices along three orthogonal axes, a 
slice through a curved cutting plane, a three-dimension- 
al rendering, or the like, as are known in the art. The 
image selection circuit 60 causes a pair of memory read- 
ing circuits 62a, 62b to read the image data from the 
corresponding voxels of the diagnostic image memory 
32 and the instrument volume memory 54. An image su- 
perimposing circuit 64 combines the physiological im- 
age, the instrument image, and trajectory. A video proc- 
essor 66 converts the combined images into the appro- 
priate format for display on a video monitor 68. Prefer- 
ably, a trackball 70 or other data input device is connect- 



ed with the image selection processor 60 to enable the 
operator to rapidly change between selected slices, 
slice orientations, or the like. 

Preferably, the trajectory circuit 58 projects the tra- 

s jectory and provides a distance gauge. More specifical- 
ly, from the known dimensions of the CT scanner system 
10, the trajectory circuit determines distance, e.g., in 
millimetres, along the trajectory. Using the trackball 70, 
the operator designates a point along the trajectory and 

10 the projection circuit determines a distance from the end 
of the biopsy needle or other surgical device to the des- 
ignated point and displays such distance on the video 
monitor 68. 

As another option, the image selector 60 further en- 
is ables the operator to select and designate a target phys- 
iological structure. More specifically, the image selec- 
tion circuit calls up selected slice or other images. The 
operator uses the trackball to move a cursor to a phys- 
iological structure which is the target, e.g., a tumor to be 
biopsied. The CT number of the designated target voxel 
is retrieved by the image selector processor 60. A region 
growing circuit 80 compares each adjacent voxel to the 
designated target voxel of the physiological image 
memory with the retrieved CT number to determine 
whether it has substantially the same CT number. By 
checking adjacent voxels to each voxel with substantial- 
ly the same CT number, the region growing processor 
80 determines a group of voxels, in three dimensions, 
which all have substantially the same CT number. Tis- 
sue with the same CT number is assumed, subject to 
operator override, to be a common physiological entity. 
A target colourising circuit 82 causes the pixels desig- 
nated by the region growing processor 80 to be dis- 
played in a unique colour. In this manner, the target 
physiological entity is readily identified for the surgeon. 

In order to insure alignment between the patient and 
the instrument images, a plurality of radiation opaque 
markers are preferably affixed to the patient. These 
markers, such as three metal beads, show up clearly in 
both the physiological and the instrument reconstructed 
image. Because the material with which the beads are 
constructed is known, their radiation absorption proper- 
ties are known. Hence, the physiological and instrument 
images are readily thresholded to locate the markers. 
An image alignment processor 72 compares the posi- 
tion of the markers in the two images. If the image align- 
ment algorithm finds that the markers are out of align- 
ment, it adjusts the addresses read by the memory read- 
ing circuit 62a and 62b with the appropriate offset or ro- 
tation. In this manner, the instrument image is automat- 
ically kept aligned with the image data, even if the sub- 
ject moves. 

The use of these markers enables the physiological 
diagnostic image to be taken at a different time or place 
than the image of the instrument. Similarly, markers 
which are visible in other imaging modalities as well as 
x-rays enable the diagnostic images to be generated 
with other types of imaging apparatus such as magnetic 
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resonance, ultrasound, nuclear, x-ray, and other types 
of imagers. Analogously, the diagnostic images gener- 
ated with other imaging modalities may be stored in a 
third volume memory. The image control 60 then causes 
corresponding images to be withdrawn from the volume 
memory for the other imaging modality concurrently with 
the other images for concurrent display. The instrument 
image can be superimposed on the other imaging mo- 
dality diagnostic image as well as the spiral CT diagnos- 
tic image. 

Additional memory reading circuits, video circuits 
and monitors can be provided to provide multiple imag- 
es to the surgeon at the surgical site, as well as to pro- 
vide images at a remote site. 

As another option, the diagnostic memory 32 is en- 
larged to store four dimensions of data, time being the 
fourth dimension. In this manner, a series of time dis- 
placed images of the same volumetric region are gen- 
erated and stored. The operator can then display the 
series of time displaced images of a common selected 
slice or other display format in a cine format. Such time 
dependent, cine imaging is particularly advantageous 
with angiography. 

Advantages of the 3D CT fluoroscopy embodiments 
described are that cine type imaging sequences may be 
generated, that low radiation doses are possible, and 
compatibility with images from x-ray fluoroscopy, CT, 
MR, nuclear, and ultrasound imaging techniques. 

Claims 

1 . A method of diagnostic imaging in which an x-ray 
source is rotated around an imaging region, and ra- 
diation traversing the imaging region is detected 
and reconstructed into an image representation, in- 
cluding the steps of rotating and longitudinally dis- 
placing a cone-beam of radiation around the imag- 
ing region such that an apex of the cone-beam 
moves in a helical path; detecting the cone-beam 
radiation and converting it into electronic image da- 
ta indicative of a two-dimensional array of image da- 
ta, which two-dimensional array of image data ro- 
tates with the fan-beam of radiation; reconstructing 
the electronic image data into a volumetric image 
representation of a portion of a subject in the imag- 
ing region; reading out a portion of the volumetric 
image representation concurrently with the rotating, 
detecting, and reconstructing steps and converting 
the read out portion into a human-readable display 
such that the volumetric image representation is up- 
dated and read out in real time. 

2. A method as claimed in claim 1, further including 
moving a surgical instrument into the imaging re- 
gion; rotating the fan beam of radiation around the 
imaging region to generate additional electronic im- 
age data: reconstructing the additional image data 



into a volumetric image representation of the instru- 
ment: reading out a portion of the image volumetric 
representation corresponding to the read out por- 
tion subject volumetric image representation and 
5 converting the read out portion into a human-read- 
able instrument display; superimposing the read out 
portions of the instrument and patient volumetric im- 
age representations in the human-readable display. 

10 3. A method as claimed in claim 1 or claim 2. wherein 
when generating the additional image data, the fan- 
beam of radiation is gated ON and OFF periodically 
as the fan-beam rotates around the imaging region 
to update the volumetric instrument representation, 
is whereby the human -readable display of the subject 
image and superimposed surgical instrument re- 
flects real time movement of the surgical instrument 
through the imaging region of the subject. 

4. A method as claimed in any one of claims 1 to 3, 
including the steps of continuing the rotation of the 
cone-beam of radiation along the spiral path around 
the imaging region for a selected duration; during 
the selected duration, reconstructing the image da- 
ta into a temporally displaced series of volumetric 
images; displaying a corresponding selected region 
of each of the temporally displaced volumetric im- 
ages sequentially on a human-readable display to 
generate a cine type display illustrating changes in 
the imaging volume with time. 

5. A method as claimed in any one of claims 1 to 4, 
including the steps of identifying a voxel of the hu- 
man-readable display as a target area: examining 
contiguous voxels of the three-dimensional image 
for voxels of like material: displaying the contiguous 
voxels of like material in a distinctive colour on the 
human-readable display such that a target material 
within the subject is denoted in the displayed imag- 
es by colour. 

6. A CT scanner including a rotary drive (20) for rotat- 
ing at least an x-ray source (12) around an imaging 
volume (28) and a linear drive (26) for moving a pa- 
tient support (24) and the x-ray source longitudinally 
relative to each other such that the radiation source 
traverses a spiral around the imaging volume, a de- 
tector array (16) disposed across the imaging vol- 
ume from the x-ray source for receiving x-rays 
which have traversed the imaging volume and con- 
verting the x-rays into digital data, a reconstruction 
processor (30) for reconstructing image data from 
the detector array into an image representation, a 
diagnostic image memory (32) for storing the image 
representation, a memory access circuit (62a) for 
accessing the diagnostic image memory to with- 
draw selected image data therefrom for display on 
a human-readable monitor, wherein the x-ray 
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source (12) generates a cone-beam (14) of radia- 
tion through the imaging volume (28), the cone 
beam spiralling through the imaging volume and be- 
ing detected by a two-dimensional array (16) for re- 
construction into a volumetric image representa- 5 
tion. 

7. Apparatus as claimed in claim 6, including an x-ray 
source control (40) for selectively causing the x-ray 
source to produce x-rays of a first, preselected high- 10 
er intensity and a second, preselected lower inten- 
sity, the first, higher intensity x-rays being of an ap- 
propriate intensity to generate diagnostic image da- 
ta of a portion of a patient disposed in the imaging 
region and the second, selected lower intensity be- is 
ing appropriate for generating a three-dimensional 
image of a surgical instrument (46) disposed at the 
imaging volume. 

8. Apparatus as claimed in claim 6 or claim 7, including 20 
a three-dimensional instrument memory (54) for 
storing a three-dimensional image of an invasive 
surgical instrument; a memory access circuit (62b) 

for accessing selected image data from the three- 
dimensional instrument memory; an image combin- 25 
ing circuit (64) for superimposing images retrieved 
from the instrument memory and the diagnostic im- 
age memory to generate an image of the surgical 
instrument superimposed on the diagnostic image. 

30 

9. Apparatus as claimed in any one of claims 6 to 8, 
including at least three alignment elements which 
are affixed to the subject and reconstructed in both 
the instrument image and the diagnostic image; an 
alignment processor (72) for aligning the instrument 55 
and diagnostic images such that the alignment ele- 
ments are substantially superimposed. 

10. Apparatus as claimed in any one of claims 6 to 9, 
further including an x-ray tube control (50) for se- 40 
lectively gating the x-ray tube ON and OFF at inter- 
vals, whereby a subject in the imaging area is only 
subject to intermittent radiation. 

11. Apparatus as claimed in any one of claims 6 to 10, 45 
further including a plurality of reconstruction proc- 
essors (30 1f 30 2 , 30 n ) connected in parallel, the 
plurality of reconstruction processors reconstruct- 
ing a common volumetric image representation for 
storage in the volumetric, diagnostic image memo- so 
ry: a preprocessing circuit (34) for dividing the digital 
data from the two-dimensional detector array 
among the reconstruction processors. 
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